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Abstract. Extensive air showers initiate the fluorescence emissions from nitrogen mole- 
cules in air. The UV-light is emitted isotropically and can be used for observing the longi- 
tudinal development of extensive air showers in the atmosphere over tenth of kilometers. 
<""j ■ This measurement technique is well-established since it is exploited for many decades by 

Clj several cosmic ray experiments. However, a fundamental aspect of the air shower analy- 

ses is the description of the fluorescence emission in dependence on varying atmospheric 
conditions. Different fluorescence yields affect directly the energy scaling of air shower 
reconstruction. In order to explore the various details of the nitrogen fluorescence emis- 
sion in air, a few experimental groups have been performing dedicated measurements over 
the last decade. Most of the measurements are now finished. These experimental groups 
have been discussing their techniques and results in a series of Air Fluorescence Work- 
shops commenced in 2002. 

At the 8 lh Air Fluorescence Workshop 2011, it was suggested to develop a common way 
of describing the nitrogen fluorescence for application to air shower observations. Here, 
first analyses for a common treatment of the major dependences of the emission procedure 
are presented. Aspects like the contributions at different wavelengths, the dependence on 
pressure as it is decreasing with increasing altitude in the atmosphere, the temperature de- 
pendence, in particular that of the collisional cross sections between molecules involved, 
and the collisional de-excitation by water vapor are discussed. 



1 Introduction 

The detection of ultra-high energy cosmic rays is very challenging and it is a major key to answer 
open questions in astroparticle physics. Cosmic rays are messengers of processes in their sources and 
at their propagation towards us. Two important aspects of the cosmic ray properties are their energy 
and mass composition in order to evaluate the shape of the cosmic ray spectrum |Q]. 

For detecting ultra-high energy cosmic rays, extensive air showers initiated in the Earth's atmo- 
sphere are observed. Manifold techniques have been developed over the last decades and in this article, 
we will focus on the fluorescence technique. 
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While extensive air showers are developing through the atmosphere, their energy deposit causes 
an excitation of atmospheric nitrogen molecules. The spontaneous de-excitation can be separated into 
a radiative and a non-radiative channel. The isotropically emitted UV fluorescence light is propor- 
tional to the energy deposit and can be used to perform an almost calorimetric measurement of the air 
shower energy [2]. The fluorescence technique was investigated initially in [3 1 and found its successful 
application at Fly's Eye [4], HiRes (High Resolution Fly's Eye experiment) Q, the Pierre Auger Ob- 
servatory [6 1, and TA (Telescope Array) [7 |. With JEM-EUSO (Extreme Universe Space Observatory 
onboard the Japanese Experiment Module), there are even plans to put this fluorescence technique 
onboard the ISSQ to observe extremely high-energy cosmic rays from space (8). 

For determining the absolute fluorescence yield, its emission spectrum, as well as its dependence 
on varying atmospheric conditions to an appropriate level of precision, several experimental groups 
have been performing dedicated laboratory measurements over the last decade. The experimental ef- 
forts have been supplemented by several simulations and air shower reconstruction studies. These 
groups have been discussing their techniques and data in a series of Air Fluorescence Workshops 
(AFW) commenced in Utah, 2002 [9 1. Main results are contributed by the following alphabetic list of 
collaborations and groups led by their principal investigators: AIRFLY 11011 1I12I13I14I151 . Airlight 
lfT6TT71, A rqueros/UCM 1 181 1912012 11221 . FLASH H23I24I25I261, Fraga/ LIP Il27l28ll . Keilh auer/KIT 
H29I30I31L Lefeuvre/APC (32, MACFLY (331, Nagano/Sakaki 034I35I36L and Ulrich/TUM H37I38I39I401 . 
At the up to now last Air Fluorescence Workshop in Karlsruhe, 201 1, it was decided to develop a com- 
mon fluorescence description for application at air shower reconstructions [9|. The description of the 
fluorescence emission can be summarized by three different aspects - the absolute fluorescence yield, 
e.g. at a representative band head, the wavelength-dependent spectrum, and the dependence on atmo- 
spheric conditions. At a first step, the two dependences are being discussed to be able to compare 
reconstructions of extensive air showers based on a common altitude-dependent shape of the fluores- 
cence emission. In a second step, the challenge of determining the absolute fluorescence yield is being 
addressed which directly introduces the scaling of the reconstructed primary energy of air showers. 



2 Description of the fluorescence emission from molecular nitrogen in air 

The fluorescence light initiated by extensive air showers is mainly produced by the energy deposit 
of electrons/positrons from the air shower in inelastic collisions with air molecules. The observed 
emission is dominated by radiative de-excitation of N2 and in the wavelength range between about 
290 and 430 nm. The radiative de-excitation is competing with quenching processes caused by further 
non-excited molecules in air. Thus, the fluorescence yield T a ; r , given as the number of photons emitted 
per unit deposited energy, can be determined by the intrinsic fluorescence yield Y® h at zero pressure 
reduced by the non-radiative de-excitation. Here, we follow the nomenclature as defined in [2]. The 
de-excitation processes can either be described by the natural lifetime of an excited state together 
with the quenching rate constant or collisional cross sections (cf. f3j, 1161171 . |[37 38 39 40|) or by 
introducing a reference pressure p', at which the probability of collisional quenching equals that of 
radiative de-excitation, in the Stern- Volmer factor l4T1l . 

In this monograph, we employ the formulation using the Stern- Volmer factor for the fluorescence 
yield T a ; r as a function of the photon wavelength A and atmospheric conditions (p - pressure, T - 
temperature, e - water vapor pressure) 

1 + Po 

p' (A,T ) 

Tair(A, p, T) = F air (337nm, p , T ) ■ hlhyj{po, T ) ■ - — "' r p (1) 

and taking into account the temperature-dependent collisional cross sections between excited nitrogen 
and air molecules in general by 

Ha{T) = tT\ a * 
H A (T ) \T J • 
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The reference atmospheric condition at which the laboratory fluorescence measurements have been 
carried out is denoted by (po, Tq). The wavelength dependence of the fluorescence intensity is ex- 
pressed as 1^ which is relative to that wavelength at which the absolute yield is determined. The 
leading factor of the right side of Eq. ([TJ, F a i r (337nm), gives the absolute yield at A — 337.1 nm where 
the emission from N2 is strongest in the observation range. In Eq. ©, ax is the exponent of the power 
law describing the temperature-dependent collisional cross sections for each wavelength. 

For humid air, the characteristic pressure for dry air p'. has to be substituted in the denominator 
of Eq. ©by 



where p' HO is the characteristic pressure for collisional quenching with water vapor and pt, is the 
partial pressure of water vapor in the atmosphere. 

Above, the different factors are written in dependence on A. However, the spectral emissions are 
mainly vibrational transitions from the Second Positive (2P) system of N2 and First Negative (IN) of 
Nj with some minor contributions from the Gaydon-Herman (GH) system of N2. Since the rotational 
structure of the molecular bands is not resolved in our experiments, the transitions can be described 
by molecular bands^] v — v' with a spectral width and shape determined by the rotational structure. 
Concerning the spectral intensity of the emissions 1^, each transition between v — v' corresponds to 
one wavelength A and has, of course, its individual strength. For the factors describing the quenching 
effects, however, only the physical properties of the upper, excited state are of relevance. Thus, the 
characteristic pressures p'. and p'„ „ as well as the exponent a are the same for all transitions arising 
from the same upper vibrational level v. 



3 First draft of a common reference yield 

As a first step, we describe the spectral and atmospheric dependences of the fluorescence emissions, 
see Sec.Q] This provides us a common altitude-dependent shape of the fluorescence profile. For appli- 
cation to air shower reconstructions, this requires an adequate knowledge of atmospheric conditions at 
the place and time of an observed air shower event J3TJ. 

The values for all necessary parameters to describe the fluorescence emission in air with the sug- 
gested procedure are summarized in Tab.Q]and will be discussed in more details in the following. 



3.1 Spectral intensities 

For the values of hlhn, there is a quite complete and precise measurement from AIRFLY II 1 01 1 II . 
The spectral resolution of these data is very high which enables an adequate consideration of all depen- 
dences. The data, which are adopted for the first suggestion of a common reference yield, are displayed 
in Fig. Q] along with data from further working groups. A similar set, in terms of resolution and ac- 
curacy, of wavelength- dependent intensities is obtained by [40|. However for the sake of consistency, 
the data set measured by AIRFLY was chosen for this fluorescence description. 



3.2 Atmospheric dependences 

The AIRFLY collaboration has published a complete set of p'. (A, Tq) values in dry air, one for each 
band 1 1 01 111 . As stated above, it is expected that all individual transitions starting at the same upper 
vibrational level have the same p'.. Therefore, the suggestion is to use weighted averages of the p'. 
values measured for bands of a particular molecular system with the same starting vibrational level. 

2 v, v' as vibrational quantum numbers of the upper and lower states 




(3) 
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Table 1. Input parameters for the common fluorescence description. 



system 


band 


A 




p' 

r air 


Pn 2 o 


a 






(nm) 


(%) 


(hPa) 


(hPa) 




N 2 2P 


0-0 


337.1 


100 










0-1 
0-2 


357.7 
380.5 


67.4 ± 2.4 
27.2 ± 1.0 


15.83 ±0.80 


1.46 ±0.05 


-0.35 ± 0.08 




0-3 


405.0 


8.07 + 0.29 










1-0 


315.9 


39.3 ± 1.4 










1-1 


333.9 


4.02 + 0.18 










1-2 
1-3 


353.7 
375.6 


21.35 ±0.76 
17.87 ± 0.63 


1 2 03 + 66 


i on + o 1 8 


-0 20 + 08 




1-4 


399.8 


8 38 + 29 










1-5 


427.0 


7.08 ± 0.28 










2-0 


297.7 


2.77 ±0.13 










2-1 


313.6 


11.05 ±0.41 










2-2 


330.9 


2.15 ±0.12 










2-3 


350.0 


2.79 ± 0.11 


13 12 + 71 


1 80 + 14 


n 1 7 + o 08 




2-4 


371.1 


4.97 ± 0.22 










2-5 


394.3 


3.36 ±0.15 










2-6 


420.0 


1.75 ± 0.10 










3-1 


296.2 


5.16 ±0.29 










3-2 


311.7 


7 24 + 27 










3-3 


328.5 


3.80 + 0.14 


19.88 ±0.86 


1.84 ±0.2 


-0.19 ±0.08 




3-5 


367.2 


0.54 ± 0.04 










3-7 


414.1 


49 + A 07 










4-4 
4-7 


326.8 
385.8 


0.80 ± 0.08 
0.50 ± 0.08 


19 ± 5.0 


1.84 ± 0.2 


_0 19 + o 08 


N+ IN 


0-0 
0-1 


391.4 
427.8 


28.0 ± 1.0 
4.94 ± 0.19 


2.94 ± 0.33 


0.47 ± 0.02 


-0.76 ± 0.08 




1-1 


388.5 


0.83 ± 0.04 


3.92 ± 0.32 










1-2 


423.6 


1.04 ± 0.11 


N 2 GH 


0-4 


346.3 


1.74 ±0.11 










0-5 


366.1 


1.13 ±0.08 


7.98 ± 0.56 










0-6 


387.7 


1.17 ±0.06 










5-2 


308.0 


1.44 ±0.10 


21 ± 10.0 










6-2 


302.0 


0.41 ± 0.06 


21 ± 10.0 










6-3 


317.6 


0.46 ± 0.06 
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Fig. 1. Relative fluorescence intensities between about 
300 and 430 nm. The sum of the fluorescence yield 
in this wavelength range differs by -1.66% (Ulrich et 
al. (40), by +2.08% (Nagano et al. |35|), and by - 
1.7% (FLASH 1 24 1) compared to the sum of the flu- 
orescence yield obtained by AIRFLY. The data from 
Gilmore et al. are calculated theoretically only for the 
emissions of the 2P system |42|. Here, the sum of the 
fluorescence yield in the given wavelength range dif- 
fers by -3.00% compared to the yield of the 2P system 
obtained by AIRFLY. 



As weight factors, the quoted uncertainties are used. Because of the experimental technique, AIRFLY 
was running, for all transitions apart from the 337. 1 nm line, there is not only a given uncertainty of the 
measurement itself, <j st f, but an additional value for the propagated uncertainty of the measurement 

"air 

of the 337. 1 nm line, cr pr ," p ~ . To take into account both uncertainties, a minimization of x 1 with 



2 _ (Pair.OO ~ y V ""■»" ' " ^,i,.o»- / y y 

1 (aT f + U (aT f + h H (err Y 

:= n 2 (4) 



is performed. The first term corresponds to the main transition N2 2P(0,0) at 337. 1 nm, the second term 
to all other transitions of the 2P(0,t/) progression, and the double sum accounts for all other bands. 
The searched values p'. for the different bands are denoted as p„ in Eq. © and listed in Tab. Q] in the 

fifth column. The corresponding uncertainties are derived by maximizing the influence of (J pr i op - iyi to 

the remaining data by setting n — +1 in the second and third term of Eq. (|4J> . For the band progressions 
2P(4,i/), GH(5,i/), and GH(6,t/), we follow the recommendation of AIRFLY IfTUl . 

The quenching by water vapor molecules in the atmosphere can be taken into account by apply- 
ing Eq. (0 to Eq. The additional reference pressure p' H is determined experimentally at a given 
temperature To. The group of Nagano/Sakaki has performed systematic studies about the effect of 
quenching excited nitrogen molecules by water vapor (cf. overview talk by N. Sakaki at the 8 th AFW 
2011 [43 1). They measured p' H Q (A, To) for several wavelengths in two different ways. First, they an- 
alyzed the measurements of the photon yield and in a second step, they derived p' n Q (A, To) from 
lifetime measurements. The results are recalled in Tab. [2] As also discussed by A. Ulrich (cf. overview 
talk at the 8 th AFW 2011 [44Q, a systematic discrepancy was found between these two procedures. 
Even though the details are not fully understood yet, the overall uncertainties propagating into air 
shower reconstructions are sufficiently small. Here, we suggest to average the weighted averages of 
the two independent data sets, again by applying the uncertainties as weights. The procedure and the 
propagation of the uncertainties is performed by 
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from photon yield from lifetime 



Table 2. Collisional 
quenching reference pres- 
sures for water vapor 
quenching at T =293 K as 
obtained by 145 1431 . 



13 .. .J 

r>anu 


1 

A 


P'n 2 


1'H 2 










(hPa^ 


(hPa^ 


(hPa^ 


(hPa) 


2P(0,0) 


337.1 


1.36 


0.07 


1.68 


0.13 


2P(0,1) 


357.7 


1.23 


0.12 


1.83 


0.18 


2P(0,2) 


380.5 


2.08 


0.34 


2.01 


0.27 


2P(1,0) 


315.9 


2.23 


0.54 


2.38 


0.35 


2P(1,4) 


399.8 


1.30 


0.29 


2.26 


0.41 


2P(2,2) 


330.9 


1.95 


0.49 


2.88 


0.39 


2P(2,4) 


371.1 


1.62 


0.28 


1.59 


0.2 


1N(0,0) 


391.4 


0.40 


0.04 


0.42 


0.03 


1N(0,1) 


427.8 


0.53 


0.07 


0.89 


0.07 



and 

^H 2 0, = ^ J ^ 

respectively. The final values are listed in Tab. [T] As indicated in Tab. [2] no data are given for several 
weaker transitions. In this case, we suggest to apply a weighted average of the p' H values of u — 1 and 
2 for those of v = 3 and 4. The emissions for the two weaker bands 2P(3,u') and 2P(4,i/) contribute 
with 4.8% to the entire emission at atmospheric ground conditions (c.f. Tab. Q]). For all other band 
systems, the p' H O is set to zero because of missing information but these transitions contribute with 
only 2.1% to the total intensity (c.f. Tab.Q}. 

A set of measurements of the a-coefficient describing the temperature dependence of the quench- 
ing cross sections of the main bands of the 2P and IN band systems in air is also provided by the 
AIRFLY Collaboration (TBI . The most recent data have been presented at the 6 th Air Fluorescence 
Workshop in L'Aquila, Italy [46|. Because of the same experimental technique, the a-values are de- 
rived by following the same procedure as for p'.. In the absence of further experimental data for 
weaker transitions, the weighted averages of a values of v = 3 and 4 are calculated correspondingly to 
the procedure for p' H ^ Q - 

Having derived all necessary information to determine the fluorescence emission in air, an aca- 
demic fluorescence yield profile is plotted in Fig.|2]for an 0.85 MeV electron. In addition, the fluo- 
rescence emission is plotted for the case of no water vapor quenching nor applying the temperature- 
dependent collisional cross sections (red, dashed line). 

Some systematics about the choice of the suggested parameters for the reference description of the 
fluorescence emission are investigated and displayed in Fig. [3] For both, the quenching by water vapor 
and the temperature-dependent collisional cross sections, the effect of applying estimated values to 
the weaker transitions are presented. For the water vapor quenching, also another data set is shown for 
comparison (Fig. [3] left, red curves). In the case of temperature-dependent collisional cross sections, 
there have been no measurements up to now to determine if there is also a temperature-dependence 
for the de-excitation by water vapor molecules. Thus, we applied an artificial dependence which is 
calculated with a factor of -5 to the known a-values for water vapor to simulate a quite extreme case. 
As can be seen in Fig. [3] right, blue dotted curve, the overall variations are of minor importance. 



4 Application to Air Shower Reconstruction 

In the following, the reference description of the fluorescence emission is applied to full air shower 
reconstructions. Here, we use an exemplary set of high-quality hybrid events which have been observed 
during one year by the Pierre Auger Observatory with both detector components, the fluorescence 
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Fig. 2. Left: Fluorescence yield for an "always fresh" 0.85 MeV electron. The absolute scale is determined by the 
fluorescence yield of the 337. 1 nm line at 800 hPa and 293 K taken from 1351 which is 6.38 7337/MeV. The black, 
solid line represents the fluorescence emission including all known atmospheric dependences. An exemplary 
atmospheric profile for early morning, summer conditions at the site of the Auger Observatory has been used. 
The ground temperature was about 290 K and the relative humidity about 65%. The red, dashed line represents the 
emission as described by Eq.fJJwithout taking into account Eq.[3]and setting a A in Eq.[2]to zero. Right: Difference 
of the modified to the standard reference description of the fluorescence emission. The abrupt variations of the 
fluorescence yield are due to small layers of increased water vapor in the given atmospheric profile. 
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Fig. 3. Left: Variations of p' Hl0 - Right: Variations of a. 



detector and the surface detector for secondary particles [47 48 49]. The reconstructions are performed 
with the software framework Of fline ifgQ) taking into account all necessary calibrations of the different 
detectors as well as actual atmospheric conditions in terms of profiles of atmospheric state variables 
and measured aerosol conditions [51 52 53|. The same set of air shower events is reconstructed in 
the same manner several times, only the description of the fluorescence emission is varied. To study 
how the fluorescence description affects the reconstruction results, we focus here on the air shower 
observables primary energy E and position of shower maximum X mix . 
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Fig. 4. Left: Difference of reconstructed primary energy of air showers. SAuger_NaganoScaie~ Sfy RcI : Mean 0.34%, 
RMS 1.22%; S T A.N ag anoScaie- S FYRor : Mean -9.98%; RMS 1.76%. 

Right: Difference of reconstructed position of shower maximum Of ail" Showers. SAuger_NaganoScale~ ^FYR C f 

: Mean 

0.71 g cnT 2 , RMS 1.25 g cnT 2 ; STA_NaganoScaie- SFY Rcf : Mean 1.63 g cnT 2 ; RMS 3.56 g cirT 2 . 



4.1 Reconstruction results with the same absolute scaling 



For this reconstruction study, we use in all calculations the same absolute scaling of the fluorescence 
yield which is taken from Nagano et al. f35|. The fluorescence emission at 800 hPa and 293 K of the 
337.1 nm line is 6.38 y337/MeV. The reconstruction set based on the reference fluorescence description 
Sfy RcI i s taken as the 'standard' and uses the data given in Tab. [T] The reconstruction set of the same 
data which uses the standard procedure of the Auger Observatory is labeled with SAuger_NaganoScaie- 
Furthermore, the fluorescence description used in the TA experiment is implemented into the recon- 
struction of these air shower events obtained by the Auger Observatory and also scaled by the same 
fluorescence yield of the 337.1 nm line, SxA_NaganoScaie- In Fig.|H the different sets of reconstructions 
are compared to that with the reference fluorescence description. On the left, the difference of the 
reconstructed primary energy of the air showers E is given and on the right, the difference of the re- 
constructed position of shower maximum X max is shown. It should be mentioned that in the case of the 
TA-reconstruction, no temperature-dependent collisional cross sections and no humidity quenching is 
taken into account. The intensity spectrum is taken from the FLASH experiment, as shown in Fig.Q] 

In the following, some possible systematics are investigated. The fluorescence emission dominates 
the energy scale of the reconstructions, so the differences of the reconstruction sets are plotted vs. E in 
the upper part of Fig. [5] While the dependence on E is very flat and small for SAuger_NaganoScaie both for 
the energy and X mix reconstruction, a considerable dependence is found for SxA_NaganoScaie in particular 
for the reconstructed energy. 

The atmospheric dependences are studied by analyzing the reconstructions vs. vertical X m . dx of the 
air shower (Fig.|5J middle row) and vs. month (Fig.|5J bottom row). In the first case, the influence of 
different atmospheric profiles of the state variables on e.g. deeply or shallowly penetrating air showers 
are emphasized. There is hardly any systematics for the reconstructed energy, but the reconstruction of 
X mix is affected. Because of the missing temperature-dependent collisional cross sections, very shallow 
air showers are reconstructed with a « 4 g cm -2 larger X max for SxA-NaganoScaie than for Spy Rl .f ■ The 
influence of the quenching by water vapor is emphasized for deeply penetrating air showers and small 
modifications of the reconstructed X max are found for both comparisons. The seasonal dependence is 
displayed on a monthly basis. Also here, no significant effects are visible for the reconstructed energy. 
For the reconstruction set SxA_NaganoScaie, a noticeable modulation with seasons can be seen for the 
reconstructed position of shower maximum. 



UHECR2012 Symposium 



UJ 
UJ 

< 



0.05 



s - s 

Auger_NaganoScale FY R| 

s - s 

TANaganoScale FY Re) 



-0.05 



-0.1 



-0.15 



17 17.5 18 18.5 19 19.5 20 
log«E)/eV) 



E 

o 



X 

< 



10 r 

87 

67 
0- 

■2 

-A 
17 



S - S 

* Auger_NaganoScale FY R| 

n J TA_NaganoScale FY R „ 



□ u □ □ 



17.5 18 18.5 19 19.5 20 
log«E)/eV) 



W. 0.04 

UJ 

< 0.02 


-0.02 
-0.04 
-0.06 
-0.08 
-0.1 
-0.12 



s - s 

Auger_NaganoScale FY R( 

s - s 

TANaganoScale FY Ref 



□ □on 



300 400 500 600 700 800 



E 

o 



X 

< 



10 

8 r 
67 
4 

- a 

2- 

o^f 

-27 

-47 
300 



s - s 

Auger_NaganoScale FY R( 

s - s 

TA_NaganoScale FY Ret 



vertical X max [g cm" 2 ] 



400 500 600 700 800 
vertical X max [g cm 2 ] 



"j. 0.04 

UJ 

< 0.02 


-0.02 
-0.04 
-0.06 
-0.08 
-0.1 
-0.12 



s - s 

Auger_NaganoScale FY R( 

s - s 

TANaganoScale FY Rel 



— □ □ 



1 2 3 4 5 6 7 8 9 10 11 12 

month 



E 

o 



X 

< 



10r 

8: 

6; 

4; 

2 

0; 
-2 
-4 : 



S - S 

Auger_NaganoScale FY R( 

S - s 

w TA_NaganoScale FY R „ 



a a 



2 3 4 5 6 7 8 9 10 11 12 
month 



Fig. 5. Left: Difference of reconstructed primary energy of air showers. Right: Difference of reconstructed position 
of shower maximum of air showers. From top to bottom: in dependence on primary energy, vs. vertical X max , 
seasonal variations. 
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AE/(E) AX max [g cm" 2 ] 

Fig. 6. Difference of air shower reconstructions for the case of ignoring the additional temperature and humidity 
dependences. Left: Primary energy. Right: Position of shower maximum. 

Even though some modifications of the fluorescence emission are recognizable for the case of 
ignoring the additional temperature and humidity dependences (cf. Fig. [3), the overall effect to full 
air shower reconstructions is negligible. Only very few events have differences in the reconstructed 
primary energy, left part of Fig. [6] where the mean of the distribution is at -0.08% with an RMS of 
0.7%. A similar picture is given for the reconstructed X m . dx , right part of Fig. [6] where the mean of the 
distribution is at -0.003 g cirT 2 with an RMS of 1.02 g ctrT 2 . 



4.2 Discussion of different absolute scalings 

In this part of the reconstruction study, different absolute scalings of the fluorescence yield are used. 
Typically, the absolute yield is determined for the main emission line at 337.1 nm and the spectral 
intensities of all other transitions are measured relatively to that main emission. For the reference 
description presented here, Sfy RcI >, the absolute yield from Nagano et al. Il35ll is applied, together with 
the spectral intensities of AIRFLY [ 1 1 . Recently, the AIRFLY Collaboration has presented an own 
absolute yield for the 337.1 nm line, which is 7.07 y^/MeW at 800 hPa and 293 K, corresponding to 
5.60(1) 7337/MeV at 1013 hPa and 293 K 1 15 54|. In the following, reconstructions using this absolute 
yield together with the reference description are labeled with Sfy Ri .| -AiRFLYScaie ■ The TA experiment 
typically applies in its reconstructions an intensity spectrum provided by the FLASH experiment for 
the entire wavelengths range between 300 and 420 nm together with an absolute scale from Kakimoto 
et al. for the total emission between 300 and 400 nm [55 1. Converting this into an absolute yield of 
the main emission corresponds to 5.40 7337/MeV at 800 hPa and 293 K. The reconstruction set with 
these data is indicated by SxA-FLASHScaie- Very recently, the group of Ulrich et al. at the Technische 
Universitat Milnchen - TUM also provided an absolute yield of the 337.1 nm line [40|. They derived 
a value of 6.3 7337/MeV at 1000 hPa and 293 K, which corresponds to 8.3 y 337 /MeV at 800 hPa 
and 293 K. The reconstruction set with this absolute yield, the spectral intensities also from TUM (cf. 
Fig.[TJ, and all other parameters as given for the reference yield is labeled with SFY Rcf -TUMScaie- Finally, 
these values can be compared with a theoretical calculation performed by J. Rosado and F. Arqueros. 
With a sophisticated Monte Carlo simulation, they derive a value of 6.3 7337/MeV at 1013 hPa and 
293 K (123571. 

Applying the different absolute scales to the same air shower reconstruction as presented in Sec. 14. II 
the differences for the reconstructed energy and X max can be analyzed, see Fig. [7] The mean energy of 
SFY Rcf -AiRFLYScaie is shifted by -9.0% as compared with the reconstruction of the Auger Observatory 
SAu g er_NaganoScaie with an RMS of 1.5% (solid black line of Fig. [7] left). For X max , the mean is shifted 
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Fig. 7. Left: Difference of reconstructed primary energy of air showers. Right: Difference of reconstructed position 
of shower maximum of air showers. In these figures, the different absolute yields are applied. 



by 1.1 g cm -2 (RMS 1 .4 g cm -2 ) (solid black line of Fig. [7] right). Applying the scale derived from 
the TUM working group, the modification is even more extreme (dashed red line in Fig. [7j». The mean 
reconstructed energy is shifted by -19.3% (RMS 2.4%) and the mean position of shower maximum by 
3.0 g ctrT 2 (RMS 2.2 g cm -2 ). Comparing the reconstruction applying the fluorescence description of 
the TA experiment with that of the Auger Observatory gives a mean energy shift of 3.6% (RMS 1.8%). 
The mean X m . dx is shifted by -2.0 g cirT 2 with a large tail represented by an RMS of 4.1 g cm -2 . 



5 Conclusions and Outlook 

We presented a first suggestion of a common reference description of the fluorescence emission in air 
which is widely used for high-energy cosmic ray observations. For the spectral and atmospheric depen- 
dences, detailed parameters could be derived from different experimental studies. Smaller variations 
of these data are still possible because of some pending publication of experimental data and some im- 
provements in our algorithms. However, the overall description of the altitude-dependent fluorescence 
emission has reached an appropriate level for air shower reconstructions. The absolute scaling is still 
to debate but we hope to revive the discussion with all parties to find a reasonable decision soon. 
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